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A study of growth regulators of renal cortical tubular cells in the rabbit
liver. Two growth regulators, a growth stimulator for cultured renal
tubular cells and a growth inhibitor, were observed in this study in
rabbit liver homogenate after a unilateral nephrectomy. These regula-
tors appeared in the liver on the third day after this nephrectomy,
decreased on the seventh day, and disappeared by the fourteenth day.
The growth stimulatory activity, termed a tubular cell growth factor
(TuCGF), was a heat- and acid stable 15 to 20 KDa protein. The
additive effects of TuCGF on the epidermal growth factor (EGF), the
insulin-like growth factor-I (IGF-L), and the fibroblast growth factor
(FGF) were observed; the results suggest that TuCGF differs from
EGF, IGF-I, or FGF. In contrast, the growth inhibitory activity, termed
a tubular cell growth inhibitor (TuCGI), was a heat- and acid-labile
protein with a molecular weight of about ISO to 200 KDa. This factor
potently inhibited the DNA synthesis of tubular cells in the presence of
insulin and EGF. These results suggest that TuCGI is not identical with
transforming growth factor-$ (TGF-/3). The regulation of these activi-
ties by target cell density is also discussed.
When a unilateral nephrectomy is performed, both cellular
hypertrophy and the hyperplasia are known to occur [1]. Such
hyperplasia has been observed mainly in the proximal tubular
cells [2, 3], and after a unilateral nephrectomy it has been
reported that the renal growth factor increases in the serum
[4—6], though the nature of this growth factor is not well
understood. Further, while it has been possible to isolate the
pituitary renotropin [7], the alteration in the quantity of this
renotropin after a unilateral nephrectomy has yet to be the
subject of report.
In research that has been pursued, Dicker, Morris and
Shipolini [8] have shown that compensatory renal growth starts
just after the completion of liver regeneration when a unilateral
nephrectomy and a partial hepatectomy were performed at the
same time. This suggests that certain unknown factors that
prompt compensatory renal growth may be produced in the
liver. Thus, we have studied activity in the rabbit liver homoge-
nate after a unilateral nephrectomy and have found the postop-
erative presence of both a growth factor activity and a growth
inhibitor activity for cultured tubular cells produced time-
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dependently in the liver. Consequently, as has been touched
upon in a previous study, this may suggest that both these
activities regulate tubular cell proliferation as endocrine factors




EGF was purified from the submaxillary glands of male mice
as has been described previously [10]. Human recombinant
IGF-I and bovine acidic FGF were obtained from TOYOBO,
Osaka, Japan. Insulin, transferrin, trypsin, soybean trypsin
inhibitor, and pepsin were purchased from Sigma Chemical
Company (St. Louis, Missouri, USA). Collagenase, dithiothre-
itol, and dexamethasone were from Wako Pure Chemicals,
Osaka, Japan. N-(2-hydroxyethyl)-piperazine-N'-2-ethanesul-
fonic acid (HEPES) was obtained from Nacalai Tesque (Kyoto,
Japan), and Sephacryl S-300 HR from Pharmacia (Uppsala,
Sweden). ['251]-deoxyuridine (2200 Ci/mmol) and methyl-[3H]-
thymidine (6.7 Ci/mmol) were purchased from New England
Nuclear (Boston, Massachusetts, USA), and the New Zealand
white rabbits from Inoue Experimental Animals (Kumamoto,
Japan).
Isolation and culture of rabbit renal cortical tubular cells
Rabbit renal cortical tubules were isolated by a two-step
filtration method that has been previously described [9]. Briefly,
the cortices from a male New Zealand white rabbit were
minced, homogenized in a Dounce homogenizer, and filtered
through a 245 sm-pore nylon mesh. The filtered tubules and
glomeruli then were further filtered through a 105 .tm-pore
mesh. Almost all of the glomeruli passed through the latter
mesh, and the remaining tubular fragments were collected and
cultured in a 50:50 mixture of Dulbecco's modified Eagle's
medium and Ham's F-l2 medium supplemented with 10—8 M
dexamethasone, 10—8 M insulin, 5 p,g/ml of transferrin, 5 U/mI
of aprotinin, and 20 p.g/liter of piperacillin for four to six days.
This isolation method can easily prevent the contamination of
cells from glomerular origin and the growth of fibroblasts or
endotherial cells has been suppressed in this serum free system.
Therefore, the cells we used were almost originated from renal
tubules, and they contained 50 to 70% of proximal tubular cells
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judged by immunocytochemical staining of brush border anti-
gen [91.
Assays of the DNA synthesis and the labeling index
Primary cultured tubular cells were detached with trypsin and
secondary culture of cells were used f'r the assays. The tubular
cells were inoculated into collagen-coated 24-well culture plates
at a density of 2 x i04 cells/cm2 and a 48 hour starvation was
performed in hormone-free medium. Then the medium was
renewed to fresh hormone-free medium and the test samples or
indicated growth factors were added to the rabbit renal tubular
cells. At 16 hours ar the addition of the samples, [125I]
deoxyuridine (1 jsCi/ml) was added to the cells and, four hours
later, the incorporation of ['251]-deoxyuridine into the DNA was
measured as has been described [9]. For the assay of the
labeling index, details of the experimental methods also has
been described previously [9].
Preparation of the rabbit liver homogenate
Each set of three male New Zealand white rabbits, weighing
700 to 900 g, were anesthesized with Nembutal and a left
unilateral nephrectomy was performed. On pre-established
days after the nephrectomy, the livers were excised and per-
fused with ice-cold saline for blood removal. Small pieces of the
liver from each of the three rabbits were mixed and homoge-
nized by means of a Polytron homogenizer in a solution of
phosphate buffered saline (PBS), pH 7.2. Each of the liver
homogenates thus prepared were stocked at —80°C until gel
filtration.
Gel filtration of the liver homogenate on a Sephacryl S-300
HR column
Stocked liver homogenate was thawed immediately, centri-
fuged at 40000 g for 15 minutes, and the resulting supernatant,
without its floating fat, was filtered through a 0.22 m filter
(Millex GV, Millipore). Then 70 mg of the protein of the filtered
supernatant from the liver homogenate was applied to a Seph-
acryl S-300 HR column (1.6 x 95 cm) that previously has been
equilibrated with a 10 mrt HEPES buffer (pH 7.2) containing
0.15 54 NaCl and was eluted with the same buffer at 4°C. The
flow rate was 30 mI/hr and 4 ml of each fraction was collected in
polypropylene tubes.
Treatment of the active fractions
The TuCGF fraction (200 sg/m1 protein) and TuCGI fraction
(1 mg/nil protein) obtained from the Sephacryl S-300 HR
column were heated in boiling water for five minutes or were
treated with 0.2 M acetic acid at 4°C for 16 hours, or with
dithiothreitol (50 mM, at 24°C for 2 hr), or trypsin (20 g/ml for
TuCGF or 100 tg/ml for TuCGI, 37°C, 2 hr), or with pepsin (10
g/ml, 37°C, 2 hr). After the treatment with dithiothreitol, 2.5
mg/ml of bovine serum albumin was added to the samples and
dialyzed against the culture medium. cstion by trypsin was
stopped by adding a soybean trypsin inhibitor and pepsin
digestion was stopped by neutralization of the sample.
Results
Initially, we studied the effect of the crude liver homogenate
from the prenephrectomized or the postnephrectomized rabbits
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Fig. 1. Gel filtrations of rabbit liver homogenate on Sephacryl S300
HR column. Seventy mg protein of each liver homogenate from pre- or
post-uninephrectomized rabbit were applied and eluted in a 10 mat
HEPES buffer, pH 7.2 containing 0.15 M NaCI. Absorbance at 280 nm(—) and DNA synthesis of tubular cells (I •) were measured. A.
Prenephrectomized; B. I day after nephrectomy; C. 3 days after
nephrectomy; D. 5 days after nephrectomy; E. 7 days after nephrec-
tomy; F. 14 days after nephrectomy.
on the DNA synthesis of cultured tubular cells, but no signifi-
cant alteration of the activity was observed during compensa-
tory renal growth. Then we applied the liver homogenate on a
gel filtration column to dissociate the activity with regard to the
other proteins, and the fractions were assayed for the DNA
synthesis of the tubular cells (Fig. 1). No significant activity was
seen in the homogenate from the prenephrectomized rabbits.
Three days after the nephrectomy, however, both growth
stimulatory activity (TuCGF; 15 to 20 KDa) and growth inhib-
itory activity (TuCGI; 150 to 200 KDa) were seen. Both these
activities also were seen on the fifth day, though they subse-
quently decreased on the seventh day and by the fourteenth day
after the nephrectomy they had almost disappeared. These
results indicated that the production of TuCGF or TuCGI had
been initiated by the unilateral nephrectomy.
The dose-response curve of this TuCGF activity is shown in
Figure 2. The DNA synthesis of tubular cells reached its
maximum at a concentration of 36 g/ml. Table 1 shows the
results of the labeling index. After treatment with TuCGF, the
tubular cells entered the S-phase dose-dependently. Following
this, the effects of the various treatments on the TuCGF activity
then were investigated, Table 2 shows that the TuCGF was both
heat- and acid-stable but its activity ceased when ucated with
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Table 1. Effects of TuCGF activity and TuCGI activity on the DNA







None 769 61 13.1 3.0
TuCGF
12 sg/ml 1291 51 26.2 2.8
24 j.tg/ml 2610 350 37.1 8.1
TuCGI
40 sg/ml 800 35 10.5 2.5
80 tg/ml
Insulin l0- M + EGF
381 6 7.5 2.5
lOng/mi 4115 127 76.4 3.0
Experimental conditions were as described in Methods.
Values are mean + SD for triplicated experiments.
be a protein factor which has an activity that requires a disulfide
bond. Additionally, we studied the additive effect of TuCGF on
the various growth factors known to stimulate the DNA Syn-
thesis of cultured tubular cells. Figure 3 shows that the TuCGF
activity did have an additive effect on IGF-I, acidic FGF, and
EGF. These results suggest that the TuCGF receptor might
differ from the receptors for IGF, FGF, or EGF.
Next, we studied some of the characteristics of TuCGI
activity. Figure 4 shows the dose-dependent effect of TuCGI
activity on DNA synthesis of cultured tubular cells with or
without insulin and EGF. It was found that TuCGI activity
reached its maximum effect at a dose of 80 g/ml. This activity
inhibited the tubular cells from entering the S-phase (Table 1),
and that this activity was a heat- and acid-labile protein, as
shown in Table 2.
To answer the question of whether the tubular cells will grow
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Fig. 3. Additive effect of TuCGF on the growth stimulation of tubular
cells caused by !GF-I, acidic FGF, and EGF. IGF-I was added to the
cells at a concentration of 2 ng/ml, acidic FGF was at 5 ng/ml, and EGF
was at 10 ng/ml. Each growth factor could produce the maximal DNA
synthesis of tubular cells at given concentrations as previously de-
scribed [9]. Symbols are: (U) sample as indicated under the column;
() indicated sample and TuCGF (36 g/ml) added to the cells at the
same time.
or cease growth when both TuCGF and TuCGI are present
simultaneously, TuCGF and TuCGF were added to the tubular
cells at different cell densities. Figure 5 shows that the TuCGF
acted more potently at a low cell density and that the TuCGI
strongly inhibited DNA synthesis at the confluent density of 4 x
iO cells/cm2. Moreover, on adding these factors to the cells
simultaneously, potent inhibitory activity was observed at a
high cell density. These results thus suggest that the receptors
of TuCGF and TuCGI might be regulated by the cell density.
Discussion
As it recently has been reported that compensatory renal
hyperplasia was observed mainly in the proximal tubular cells
[1, 2], we thus investigated such possible activity from a rabbit
liver homogenate using cultured renal cortical tubular cells
which contained about a 50 to 70% population of proximal
tubular cells [91, and found two reciprocal growth regulators:
TuCGF and TuCGI. TuCGF is a heat- and acid-stable 15 to 20
KDa protein and appears to differ from IGF, FGF, or EGF,
judging by the results seen when each was added to TuCGF
(Fig. 3). It is also suggested that TuCGF differs from the
pituitary renotropin because pituitary renotropin can not stim-
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Fig. 2. Dose-dependent effect of TuCGF activity on DNA synthesis of
rabbit renal tubular cells. Experimental conditions were as described in
Methods. Values shown are the mean of triplicated experiments. Circle:
TuCGF, triangle: l0 M insulin and 10 ng/ml EGF as a positive control.
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Fig. 4. Dose-dependent effect of TuCGI on
DNA synthesis of rabbit renal tubular cells.
A. Effect of TuCGI on the basal level of DNA
synthesis. B. Effect of TuCGI on DNA






Fig. 5. Density-dependent effect on DNA synthesis of rabbit renal
tubular cells in the presence of TuCGF, TuCGI, or TuCGF and TuCGI.
TuCGF was added to the cells at a concentration of 36 g/ml and
TuCGI was at 80 g/m1. (El) TuCGF only () TuCGI only; () TuCGF
and TuCGI were added at the same time.
ulate the DNA synthesis of cultured renal cortical cells in the
serum-free condition [11].
Further, TuCGI was found to be a heat- and acid-labile 150 to
200 KDa protein, though its molecular weight is not truly
certain, leading to the conjecture that some carrier protein may
bind to TuCGI. Moreover, TuCGI has been found to have a
potent inhibitory effect on the growth of tubular cells stimulated
by insulin and EGF, and its activity appears to be even more
potent than TGF-13, yet has not been able to inhibit the DNA
synthesis of tubular cells in the presence of EGF [9].
It is unclear that some signals of unilateral nephrectomy can
stimulate the liver to produce growth regulators for tubular cells
and that these regulators can reach the remained kidney. But
these two growth regulators in the liver have been produced
time-dependently after a nephrectomy; they may act as endo-
crine factors that coordinate with other growth factors present
in the kidney, like EGF [12], IGF-I [13], acidic FGF [14], basic
FGF [15], and TGF-/3 1161. Further, the TuCGF activity or the
TuCGI activity also may be regulated in some way by the target
cell density (Fig. 5). It has been reported that the gap junction
of hepatocytes disappeared and cell-cell contact might become
loose when the liver regeneration had started [17, 18]. The same
phenomenon may occur in the renal tubular cells when com-
pensatory renal hyperplasia has started. And it may be probable
that TuCGF acts initially, and once the compensatory renal
hyperplasia has finished and the tubular cells has been closely
packed, the cellular growth will be strongly inhibited by TuCGI.
Up to now, however, both TuCGF and TuCGI have not been
sufficiently purified, so that further purification and a more
detailed characterization of both regulators will lead us to
clarify the mechanism of compensatory renal hyperplasia.
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